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Heat spontaneously flows from hot to cold in standard thermodynamics. However, the latter
theory presupposes the absence of initial correlations between interacting systems. We here ex-
perimentally demonstrate the reversal of heat flow for two quantum correlated spins-1/2, initially
prepared in local thermal states at different effective temperatures, employing a Nuclear Magnetic
Resonance setup. We observe a spontaneous energy flow from the cold to the hot system. This pro-
cess is enabled by a trade off between correlations and entropy that we quantify with information-
theoretical quantities. These results highlight the subtle interplay of quantum mechanics, ther-
modynamics and information theory. They further provide a mechanism to control heat on the
microscale.
According to Clausius, heat spontaneously flows from
a hot body to a cold body1. At a phenomenological
level, the second law of thermodynamics associates such
irreversible behavior with a nonnegative mean entropy
production2. On the other hand, Boltzmann related it to
specific initial conditions of the microscopic dynamics3–5.
Quantitative experimental confirmation of this conjec-
ture has recently been obtained for a driven classical
Brownian particle and for an electrical RC circuit6, as
well as for a driven quantum spin1, and a driven quan-
tum dot8. These experiments have been accompanied by
a surge of theoretical studies on classical and quantum
irreversibility9–19. It has in particular been shown that a
preferred direction of average behavior may be discerned
irrespective of the size of the system20.
Initial conditions not only induce irreversible heat flow,
they also determine the direction of the heat current. The
observation of the average positivity of the entropy pro-
duction in nature is often explained by the low entropy
value of the initial state3. This opens the possibility to
control or even reverse the direction of heat flow depend-
ing on the initial conditions. In standard thermodynam-
ics, systems are assumed to be uncorrelated before ther-
mal contact. As a result, according to the second law heat
will flow from the hot object to the cold object. How-
ever, it has been theoretically suggested that for quan-
tum correlated local thermal states, heat might flow from
the cold to the hot system, thus effectively reversing its
direction9–12. This phenomenon has been predicted to
occur in general multidimensional bipartite systems9,10,
including the limiting case of two simple qubits10, as well
as in multipartite systems11.
Here we report the experimental demonstration of the
reversal of heat flow for two initially quantum correlated
qubits (two spin-1/2 systems) prepared in local thermal
states at different effective temperatures employing Nu-
clear Magnetic Resonance (NMR) techniques2,22. Allow-
ing thermal contact between the qubits, we track the evo-
lution of the global state with the help of quantum state
tomography2. We experimentally determine the energy
change of each spin and the variation of their mutual
information23. For initially correlated systems, we ob-
serve a spontaneous heat current from the cold to the
hot spin and show that this process is made possible by a
decrease of their mutual information. The second law for
the isolated two-spin system is therefore verified. How-
ever, the standard second law in its local form apparently
fails to apply to this situation with initial quantum cor-
relations. We further establish the nonclassicallity of the
initial correlation by evaluating its non-zero geometric
quantum discord, a measure of quantumness5,6. We fi-
nally theoretically derive and experimentally investigate
an expression for the heat current that reveals the trade
off between information and entropy.
Results
Experimental system. NMR offers an exceptional de-
gree of preparation, control, and measurement of cou-
pled nuclear spin systems2,22. It has for this rea-
son become a premier tool for the study of quantum
thermodynamics1,3,27. In our investigation, we consider
two nuclear spins-1/2, in the 13C and 1H nuclei of a
13C-labeled CHCl3 liquid sample diluted in Acetone-d6
(Fig. 1 B). The sample is placed inside a superconduct-
ing magnet that produces a longitudinal static magnetic
field (along the positive z-axis) and the system is manip-
ulated by time-modulated transverse radio-frequency (rf)
fields. We study processes in a time interval of few mil-
liseconds which is much shorter than any relevant deco-
herence time of the system (of the order of few seconds)3.
The dynamics of the combined spins in the sample is thus
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2Figure 1. Schematic of the experimental setup. A Heat flows from the hot to the cold spin (at thermal contact) when
both are initially uncorrelated. This corresponds to standard thermodynamic. For initially quantum correlated spins, heat is
spontaneously transferred from the cold to the hot spin. The direction of heat flow is here reversed. B View of the magnetometer
used in our NMR experiment. A superconducting magnet, producing a high intensity magnetic field (B0) in the longitudinal
direction, is immersed in a thermally shielded vessel in liquid He, surrounded by liquid N in another vacuum separated chamber.
The sample is placed at the center of the magnet within the radio frequency coil of the probe head inside a 5mm glass tube. C
Experimental pulse sequence for the partial thermalization process. The blue (black) circle represents x (y) rotations by the
indicated angle. The orange connections represents a free evolution under the scalar coupling, HHCJ = (pi~/2)JσHz σCz , between
the 1H and 13C nuclear spins during the time indicated above the symbol. We have performed 22 samplings of the interaction
time τ in the interval 0 to 2.32 ms.
effectively closed and the total energy is conserved to an
excellent approximation. Our aim is to study the heat
exchange between the 1H (system A) and 13C (system
B) nuclear spins under a partial thermalization process
in the presence of initial correlations (Fig. 1 A). Em-
ploying a sequence of transversal rf-field and longitudinal
field-gradient pulses, we prepare an initial state of both
nuclear spins (A and B) of the form,
ρ0AB = ρ
0
A ⊗ ρ0B + χAB, (1)
where χAB = α|01〉〈10|+ α∗|10〉〈01| is a correlation term
and ρ0i = exp(−βiHi)/Zi a thermal state at inverse
temperature βi = 1/(kBTi), i = (A,B), with kB the
Boltzmann constant. The state |0〉 (|1〉) represents the
ground (excited) eigenstate of the Hamiltonian Hi, and
Zi = Tri exp(−βiHi) is the partition function. The in-
dividual nuclear spin Hamiltonian, in a double-rotating
frame with the nuclear spins (1H and 13C) Larmor fre-
quency, may be written as Hi = hν0
(
1− σiz
)
/2, with
ν0 = 1 kHz effectively determined by a nuclei rf-field
offset. In Eq. (1), the coupling strength should satisfy
|α| ≤ exp[−hν0(βA + βB)/2]/(ZAZB) to ensure positiv-
ity. We consider two distinct cases: for α = 0 the spins
are initially uncorrelated as assumed in standard ther-
modynamics, while for α 6= 0 the joint state is initially
correlated. We note that since Tri χAB = 0, the two
spins are locally always in a thermal Gibbs state in both
situations. As a result, thermodynamic quantities, such
as temperature, internal energy, heat and entropy, are
well defined. A partial thermalization between the qubits
is described by the effective (Dzyaloshinskii-Moriya) in-
teraction Hamiltonian, HeffAB = (pi~/2)J(σAx σBy − σAy σBx ),
with J = 215.1 Hz11,12, which can be easily realized ex-
perimentally. We implement the corresponding evolution
operator, Uτ = exp(−iτHeffAB/~), by combining free evo-
lutions under the natural hydrogen-carbon scalar cou-
pling and rf-field rotations (Fig. 1 C). We further stress
that the correlation term should satisfy [χAB,HeffAB] 6= 0
for the heat flow reversal to occur (Supplementary Infor-
mation).
Thermodynamics. In macroscopic thermodynamics,
heat is defined as the energy exchanged between to large
3Figure 2. Dynamics of heat, correlations, and entropic quantities. A Internal energy of qubit A along the partial
thermalization process. B Internal energy of qubit B. In the absence of initial correlations, the hot qubit A cools down and
the cold qubit B heats up (cyan circles in panel A and B). By contrast, in the presence of initial quantum correlations, the
heat current is reversed as the hot qubit A gains and the cold qubit B loses energy (orange squares in panel A and B). This
reversal is made possible by a decrease of the mutual information C and of the geometric quantum discord D. Different entropic
contributions to the heat current (5) in the uncorrelated E and uncorrelated F case. Reversal occurs when the negative variation
of the mutual information, ∆I(A:B), compensates the positive entropy productions, S(ρτA||ρA) and S(ρτB||ρB), of the respective
qubits. The symbols represent experimental data and the dashed lines are numerical simulations. Error bars were estimated
by a Monte Carlo sampling from the standard deviation of the measured data (Supplementary Information).
bodies at different temperatures2. This notion has been
successfully extended to small systems initially prepared
in thermal Gibbs states30, including qubits10. Since the
interaction Hamiltonian commutes with the total Hamil-
tonian of the two qubits, [HA +HB,HeffAB] = 0, the ther-
malization operation does not perform any work on the
spins31. As a result, the mean energy is constant in time
and the heat absorbed by one qubit is given by its in-
ternal energy variation along the dynamics, Qi = ∆Ei,
where Ei = Tri ρiHi is the z-component of the nuclear
spin magnetization. For the combined system, the two
heat contributions satisfy9–11,
βAQA + βBQB ≥ ∆I(A:B), (2)
where ∆I(A:B) is the change of mutual information be-
tween A and B. The mutual information, defined as
I(A:B) = SA + SB − SAB ≥ 0, is a measure of the
total correlations between two systems23, where Si =
−Triρi ln ρi is the von Neumann entropy of state ρi.
Equation (2) follows from the unitarity of the global dy-
namics and the Gibbs form of the initial spin states. For
initially uncorrelated spins, the initial mutual informa-
tion is zero. As a result, it can only increase during
thermalization, ∆I(A:B) ≥ 0. Noting that QA +QB = 0
for the isolated bipartite system, we find9–11,
QB(βB − βA) ≥ 0 (uncorrelated). (3)
Heat hence flows from the hot to the cold spin, QB > 0
if TA ≥ TB. This is the standard second law. By con-
trast, for initially correlated qubits, the mutual informa-
tion may decrease during the thermal contact between
the spins. In that situation, we may have9–11,
QB(βB − βA) ≤ 0 (correlated). (4)
Heat flows in this case from the cold to the hot qubit:
the energy current is reversed. We quantitatively char-
acterize the occurrence of such reversal by computing the
heat flow at any time τ , obtaining (Methods),
∆βQB = ∆I(A:B) + S(ρ
τ
A||ρ0A) + S(ρτB||ρ0B), (5)
where ∆β = βB − βA ≥ 0 and S(ρτi ||ρi) = Tri ρτi (ln ρτi −
ln ρi) ≥ 0 denotes the relative entropy23 between the
evolved ρτA(B) = TrB(A)Uτρ0ABU†τ and the initial ρ0A(B)
reduced states. The latter quantifies the entropic dis-
tance between the state at time τ and the initial thermal
state. It can be interpreted as the entropy production
associated with the irreversible heat transfer, or to the
entropy produced during the ensuing relaxation to the
initial thermal state32,33. According to Eq. (5), the direc-
tion of the energy current is therefore reversed whenever
the decrease of mutual information compensates the en-
tropy production. The fact that initial correlations may
be used to decrease entropy has first been emphasized
by Lloyd34 and further investigated in Refs.35,36. Heat
4flow reversal has recently been interpreted as a refriger-
ation process driven by the work potential stored in the
correlations12. In that context, Eq. (5) can be seen as
a generalized Clausius inequality due to the positivity of
the relative entropies. The coefficient of performance of
such a refrigeration is then at most that of Carnot12.
In our experiment, we prepare the two-qubit system in
an initial state of the form (1) with effective spin tem-
peratures β−1A = 4.66±0.13 peV (β−1A = 4.30±0.11 peV)
and β−1B = 3.31 ± 0.08 peV (β−1B = 3.66 ± 0.09 peV)
for the uncorrelated (correlated) case α = 0.00 ± 0.01
(α = −0.19 ± 0.01) (Supplementary Information). The
value of α was chosen to maximize the current reversal.
In order to quantify the quantumness of the initial corre-
lation in the correlated case, we consider the normalized
geometric discord, defined as Dg = minψ∈C 2‖ρ − ψ‖2
where C is the set of all states classically correlated5,6.
The geometric discord has a simple closed form expres-
sion for two qubits that can be directly evaluated from
the measured QST data (Supplementary Information).
We find the nonzero value Dg = 0.14 ± 0.01 for the ini-
tially correlated state prepared in the experiment.
We experimentally reconstruct the global two-qubit
density operator using quantum state tomography2 and
evaluate the changes of internal energies of each qubit,
of mutual information, and of geometric quantum dis-
cord during thermal contact (Figs. 2 A to F). We observe
the standard second law in the absence of initial correla-
tions (α ' 0), i.e., the hot qubit A cools down, QA < 0,
while the cold qubit B heats up, QB > 0 (circles symbols
in Figs. 2 A and B). At the same time, the mutual in-
formation and the geometric quantum discord increase,
as correlations build up following the thermal interac-
tion (circles symbols in Figs. 2 C and D). The situation
changes dramatically in the presence of initial quantum
correlations (α 6= 0): the energy current is here reversed
in the time interval, 0 < τ < 2.1 ms, as heat flows from
the cold to the hot spin, QA = −QB > 0 (squares sym-
bols in Figs. 2 A and B). This reversal is accompanied
by a decrease of mutual information and geometric quan-
tum discord (squares symbols in Fig. 2 C and D). In this
case, quantum correlations are converted into energy and
used to switch the direction of the heat flow, in an ap-
parent violation of the second law. Correlations reach
their minimum at around τ ≈ 1.05 ms, after which they
build up again. Once they have passed their initial value
at τ ≈ 2.1 ms, energy is transferred in the expected di-
rection, from hot to cold. In all cases, we obtain good
agreement between experimental data (symbols) and the-
oretical simulations (dashed lines). Small discrepancies
seen as time increases are mainly due to inhomogeneities
in the control fields.
The experimental investigation of Eq. (5) as a function
of the thermalization time is presented in Fig. 2 E and
F. While the relative entropies steadily grow in the ab-
sence of initial correlations, they exhibit an increase up
to 1.05 ms followed by a decrease in presence of initial
correlations. The latter behavior reflects the pattern of
the qubits already seen in Fig. 2 A and B, for the av-
erage energies. We note in addition a positive variation
of the mutual information in the uncorrelated case and a
large negative variation in the correlated case. The latter
offsets the increase of the relative entropies and enables
the reversal of the heat current. These findings provide
direct experimental evidence for the trading of quantum
mutual information and entropy production.
Discussion
We have observed the reversal of the energy flow be-
tween two quantum-correlated qubits with different ef-
fective temperatures, associated with the respective pop-
ulations of the two levels. Such effect has been predicted
to exist in general multidimensional systems9–11. By re-
vealing the fundamental influence of initial quantum cor-
relations on the direction of thermodynamic processes,
which Eddington has called the arrow of time37, our ex-
periment highlights the subtle interplay of quantum me-
chanics, thermodynamics and information theory. Initial
conditions thus not only break the time-reversal symme-
try of the otherwise reversible dynamics, they also de-
termine the direction of a process. Our findings further
emphasize the limitations of the standard local formu-
lation of the second law for initially correlated systems
and offers at the same time a novel mechanism to con-
trol heat on the microscale. They additionally establish
that the arrow of time is not an absolute but a relative
concept that depends on the choice of initial conditions.
We have observed the reversal of the energy current for
the case of two spins which never fully thermalize due to
their finite size. However, their dynamics is identical to
that of a thermalization map during the duration of the
experiment (Methods), a process we have labeled partial
thermalization for this reason. Furthermore, numerical
simulations show that reversals may also occur for a spin
interacting with larger spin environments which induce
thermalization? . Hence, an anomalous heat current does
not seem to be restricted to microscopic systems. The
precise scaling of this effect with the system size is an in-
teresting subject for future experimental and theoretical
investigations. Our results on the reversal of the ther-
modynamic arrow of time might also have stimulating
consequences on the cosmological arrow of time34.
Methods
Experimental setup. The liquid sample consist of 50 mg
of 99% 13C-labeled CHCl3 (Chloroform) diluted in 0.7 ml of
99.9% deutered Acetone-d6, in a flame sealed Wildmad Lab-
Glass 5 mm tube. Experiments were carried out in a Varian
500 MHz Spectrometer employing a double-resonance probe-
head equipped with a magnetic field gradient coil. The sam-
ple is very diluted such that the intermolecular interaction
can be neglected, in this way the sample can be regarded as
a set of identically prepared pairs of spin-1/2 systems. The
superconducting magnet (illustrated in Fig. 1B of the main
text) inside of the magnetometer produces a strong intensity
longitudinal static magnetic field (whose direction is taken to
be along the positive z axes), B0 ≈ 11.75 T. Under this filed
5the 1H and 13C Larmor frequencies are about 500 MHz and
125 MHz, respectively. The state of the nuclear spins are con-
trolled by time-modulated rf-field pulses in the transverse (x
and y) direction and longitudinal field gradients.
Spin-lattice relaxation times, measured by the inversion re-
covery pulse sequence, are (T H1 , T C1 ) = (7.42, 11.31) s. Trans-
verse relaxations, obtained by the Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence, have characteristic times
(T ∗H2 , T ∗C2 ) = (1.11, 0.30) s. The total experimental running
time, to implement the partial spin thermalization, is about
2.32 ms, which is considerably smaller than the spin-lattice
relaxation and therefore decoherence can be disregarded.
Heat current between initially correlated systems. We
here derive the expression (5) for the heat flow between ini-
tially correlated systems A and B. For an initial thermal state
ρ0i = exp(−βiHi)/Zi, (i = A,B), the relative entropy be-
tween the evolved ρτA(B) = TrB(A)Uτρ0ABU†τ and the initial ρ0i
marginal states reads,
S(ρτi ‖ρ0i ) = −S(ρτi ) + βi Tri (ρτiHi) + lnZi, (6)
where S(ρτi ) is the von Neumann entropy of the state ρτi .
Noting that as S(ρ0i ||ρ0i ) = 0, one can write,
S(ρτi ‖ρ0i ) = S(ρτi ‖ρ0i )− S(ρ0i ||ρ0i ) = −∆Si + βi∆Ei, (7)
with the variation in the von Neumann entropy, given by
∆Si = S(ρ
τ
i ) − S(ρ0i ) and the internal energy change of the
i-th subsystem defined as ∆Ei = Tri ρτiHi−Tri ρ0iHi. Energy
conservation for the combined isolated system (AB) further
implies that ∆EA = −∆EB = QB, for constant interaction
energy. As a result, we obtain,
QB ∆β = ∆I(A:B) + S
(
ρτA‖ρ0A
)
+ S
(
ρτB‖ρ0B
)
, (8)
where ∆β = βA − βB is the inverse temperature difference
and ∆SA+∆SB = ∆I(A:B) holds since the combined system
(AB) is isolated.
Partial thermalization. We further show that the spin
dynamics is given by a thermalization map during the dura-
tion of the experiment. From the local point of view of each
individual nuclear spin (when the spins are initially uncor-
related), the evolution operator Uτ = exp(−iτHeffAB/~), with
τ ∈ [0, (2J)−1], has the effect of a linear non-unitary map
E(ρi) = Trk
(Uτρ0A ⊗ ρ0BU†τ ) on the spin i, which can be rep-
resented as,
E(ρi) =
4∑
j=1
Kjρ
0
iK
†
j (9)
where i = A, k = B or i = B, k = A. The Kraus correspond-
ing operators Kj , with j = (1, ..., 4), are given by,
K1 =
√
1− p
[
1 0
0 cos(piJτ)
]
, (10)
K2 =
√
1− p
[
0 sin(piJτ)
0 0
]
, (11)
K3 =
√
p
[
cos(piJτ) 0
0 1
]
, (12)
K4 =
√
p
[
0 0
− sin(piJτ) 0
]
, (13)
where p is the population of the excited state in the other
spin at time τ . In the time window of the experiment, piJτ
varies between zero and pi/2. In this way the transformation
(9) is equivalent to the generalized amplitude damping4 which
is the Kraus map for the thermalization of a single spin-1/2
system. Therefore, from the local point of view and in the
absence of initial correlations, the interaction implemented
in the experiment is indistinguishable from a thermalization
map for τ ∈ [0, (2J)−1].
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SUPPLEMENTARY MATERIAL
Supplementary Note 1: Initial State Prepara-
tion
The initial state of the nuclear spins is prepared by spa-
tial average techniques1–3, being the 1H and 13C nuclei
prepared in local pseudo-thermal states with the popula-
tions (in the energy basis ofHH0 andHC0 ) and correspond-
ing local spin temperatures displayed in Supplementary
Table SI. The initial correlated state is prepared through
the pulse sequence depicted in Supplementary Figure S1.
Supplementary Note 2: Error Analysis
The main sources of error in the experiments are
small non-homogeneities of the transverse rf-field, non-
idealities in its time modulation, and non-idealities in
the longitudinal field gradient. In order to estimate the
error propagation, we have used a Monte Carlo method,
to sample deviations of the quantum sate tomography
(QST) data with a Gaussian distribution having widths
determined by the variances corresponding to such data.
The standard deviation of the distribution of values for
the relevant information quantities is estimated from this
sampling. The variances of the tomographic data are ob-
tained by preparing the same state one hundred times,
7Table SI. Population and local effective spin temperature of the initial states. The initial population of the nuclear
spin exited state is displayed in the energy eigenbasis, pA(B)(1) = TrB(A)
(
ρ0AB|1〉〈1|
)
. It is important to note again that the
reduced initial state of the Hydrogen and Carbon nuclei, ρ0i , are diagonal in the energy basis of HH0 and HC0 , irrespective of the
presence or not of the initial correlation term χAB.
Initial state pA(1) pB(1) Re(α) Im(α) β−1A (peV) β
−1
B (peV)
Uncorrelated 0.29± 0.01 0.22± 0.01 0.00± 0.01 −0.01± 0.01 4.70± 0.13 3.30± 0.07
Correlated (ϕ ' pi) 0.28± 0.01 0.24± 0.01 −0.19± 0.01 0.00± 0.01 4.30± 0.11 3.70± 0.09
Correlated (ϕ ' −pi/2) 0.32± 0.01 0.21± 0.01 −0.01± 0.01 −0.17± 0.01 5.60± 0.18 3.10± 0.07
Figure S1. Pulse sequence for the initial state prepara-
tion. The blue (red) circle represents x (y) local rotations by
the indicated angle. Such rotations are produced by an trans-
verse rf-field resonant with 1H or the 13C nuclei, with phase,
amplitude, and time duration suitably adjusted. The orange
connections represents a free evolution under the scalar cou-
pling, HHCJ = (pi~/2)JσHz σCz (J = 215.1 Hz), between the
1H and 13C nuclear spins along the time indicted above the
symbol. The time modulation and intensity of the gradient
pulse, the angles {θ1, . . . , θ8}, and the parametrized interac-
tion times, r1 and r2, are optimized to build an initial state
equivalent to the one described in Equation (1) of the main
text.
taking the full state tomography and comparing it with
the theoretical expectation. These variances include ran-
dom and systematic errors in both state preparation and
data acquisition by QST. The error in each element of the
density matrix estimated from this analysis is about 1%.
All parameters in the experimental implementation, such
as pulses intensity and its time duration, are optimized
in order to minimize errors.
Supplementary Note 3: Geometric Quantum
Discord
In order to quantify the quantumness of the initial cor-
relation in the joint nuclear spin state, we use the geo-
metric quantum discord5,6. The latter provides a useful
way to quantify nonclassicality of composed system in
a general fashion. A general two-qubit state ρ can be
written in the Bloch representation as,
ρ =
1
4
(
1+
3∑
j=1
xjσj⊗1+
3∑
j=1
yj1⊗σj +
3∑
j,k=1
Vjkσj⊗σk
)
,
(S1)
where {σj} are the Pauli matrices. The closed form ex-
pression of the geometrical quantum discord for a general
two-qubit state is given by5,6
Dg(ρ) = 2(Tr Λ− λmax), (S2)
where Λ =
(
~x~xT +V V T
)
/4 and λmax is the largest eigen-
value of Λ. We have evaluated Supplementary Equa-
tion (S2) using the experimentally reconstructed qubit
density operators. Note that the criticisms, concerning
the geometrical quantum discord, put forward in Supple-
mentary References.7,8 do not apply to our case, since
our two-qubit system is isolated. There is hence no
third party that could apply a general reversible trace-
preserving map on one of the spins that could alter the
value of the quantum geometric discord.
Supplementary Note 4: The Interaction in
the Partial Thermalization Protocol Performs no
Work
Following a similar reasoning used in Supplementary
References9,10, we will show that the interaction em-
ployed in the partial thermalization protocol performs
no work. Our system can be described by a Hamiltonian
of the form,
H = HA +HB + VAB, (S3)
where VAB is the effective interaction between the sub-
systems A and B. Due to the type of interaction we are
considering and the fact that the qubits are resonant, it
follows that our model satisfies strict energy conserva-
tion:
[VAB,HA +HB] = 0. (S4)
Therefore the effective unitary (Uτ ) implemented by the
pulse sequence displayed in Figure 1C of the main text
also satisfies strict energy conservation ([Uτ ,HA +HB] =
80). This means that the energy which enters system A is
always equal to the energy that leaves B; viz,
〈HA〉t − 〈HA〉0 = − (〈HB〉t − 〈HB〉0) , (S5)
where 〈Hi〉0 = Tr(Hiρ0i ) is the energy expectation
value of the individual spin i at the initial time and
〈Hi〉t = Tr(Hiρti) is the expectation value at any time
t ∈ [0, 1/2J ] (i = A,B).
The above discussion combined with the usual energy
conservation for total Hamiltonian, 〈H〉t = 〈H〉0, implies
that 〈VAB〉t = 〈VAB〉0. That is, no extra energy gets
trapped in the interaction term. In particular, due to
our choice of initial state [introduced in Equation (1) of
the main text], it is also true that 〈VAB〉0 = 0. Whence,
〈VAB〉t = 〈VAB〉0 = 0. We now use these ideas to connect
with the notion of work.
Let us look to the global dynamics, which is unitary
so that there can be no heat dissipated to the rest of
the universe. Work, in this case, comes about from the
fact that the Hamiltonian (S3) is, strictly speaking, time
dependent in a small transient interval when the effective
interaction VAB is turned on at time t = 0 and also when
it is turned off in another small transient interval at the
final time t′. In this case, one should more appropriately
write
H = HA +HB + u(t)VAB, (S6)
where u(t) = θ(t) − θ(t − t′) is modelled as the sum of
two (unity) Heaviside functions (θ(x)) such that u(t) is
1 if 0 < t < t′ and 0 if t < 0 or t > 0. The mean work
performed in the process of turning on and off the interac-
tion between the two spin systems can be unambiguously
defined as
〈W 〉 =
∫ ∞
−∞
dt
〈
∂H
∂t
〉
t
(S7)
Since u˙(t) = δ(t)−δ(t− t′) (where δ(x) is the Dirac delta
function), it follows that
〈W 〉 = 〈VAB〉0 − 〈VAB〉t′ = 0. (S8)
Here we have used the fact that global and local (strict)
energy conservation implies that 〈VAB〉0 = 〈VAB〉t′ .
Hence, no work is performed when the transient time for
turning on and off the time-independent interaction VAB
is sufficiently small to be modelled as (unity) Heaviside
functions, which is precisely the case in our experiment.
The same arguments also hold for the local rotations em-
ployed in the pulse sequence displayed in Figure 1C of the
main text. Moreover, as discussed above, the expectation
value of the potential is always zero at any time of the
evolution for the initial state presented in Equation (1)
of the main text. We notice that the same reasoning also
holds when the interaction is not turned off at the end
of the measurement, as in our case 〈VAB〉0 = 0. Thus,
whether or not the interaction is turned on or off at the
end does not alter the main conclusion that our unitary
evolution involves no work.
Supplementary Note 5: General Initial Corre-
lations
In the main text, we have considered the correlation
term, χAB = α|01〉〈10| + α∗|10〉〈01|, in Equation (1)
of the main text, with α ∈ R, such that it does not
commute with the thermalization Hamiltonian, HeffAB =
(pi~/2)J(σAx σBy − σAy σBx ), [χAB,HeffAB] 6= 0. Now, let us
consider a more general choice for the amplitude of the
correlation term, α = |α|eiϕ with the complex phase ϕ.
In this case we note that χAB does not commute with
HeffAB for ϕ 6= ±pi/2. In all these cases, reversals of the
arrow of time do occur. However, the commutator van-
ishes for the particular value ϕ = ±pi/2. In this specific
instance only the uncorrelated part of the initial state,
ρ0A ⊗ ρ0B, is involved in the energy transfer induced by
the thermalization Hamiltonian. As a result, the initial
correlations are thermodynamically inaccessible and no
reversal appears, as seen in the experimental data shown
in Supplementary Figure. S2. So, [χAB,HeffAB] 6= 0 is a
necessary condition to observe reversals of the heat cur-
rent.
Supplementary Note 6: Reversal of the Heat
Flux in a Larger Environment
Different thermalization processes for a spin interact-
ing with a multi-spin environment with random qubit-
qubit collisions have been theoretically investigated11–13.
Supplementary References11,12 have, for instance, estab-
lished equilibration induced by individual collisions with
an ensemble of N spins, while Supplementary Refer-
ence13 has focused on the relaxation generated by re-
peated collisions with an ensemble of two spins. Here
we will consider, from a theoretical simulation perspec-
tive, a few particle scenario, where each spin, either
from the system or the environment, may interact with
any other spin, much like molecules in a gas. We have
concretely considered a system qubit in an initial state
(at hot temperature), ρ0 = exp(−βhotH0)/Z0, with
(βhot)
−1 = 4.881 (peV), individual nuclear spin Hamil-
tonian, Hi = hν(1 − σ(i)Z )/2, and ν = 1 kHz as in the
main text. The system qubit randomly interacts with N
bath qubits, a bit colder, each one initially in the state
ρn = exp(−βcoldHn)/Zn, with (βcold)−1 = 2.983 (peV),
the same individual nuclear spin Hamiltonian Hn = H0,
and n = 1, 2, . . . , N . The initial state was chosen such
that the reduced bipartite density operator for the qubits
0 and 1 reads ρ01 = Trrest ρtotal = ρ0 ⊗ ρ1 + α(|01〉〈10|+
|10〉〈01|)01 and all the eigenvalues of the total density op-
erator ρtotal are positive. Here, Trrest denotes the trace
over all the remaining spins except spin 0 and 1. The
latter expression is a direct generalization of the two-
qubit case experimentally investigated in the main text.
The random spin-spin collision operator was taken of the
form Uλ = exp[λ(|01〉〈10| − |10〉〈01|)]11–13 where |01〉〈10|
act on the randomly chosen (j, k) spin pair and the inter-
action parameter satisfies, |λ|  1. We have performed
9Figure S2. Dynamics of heat and quantum correlations. In the absence of initial correlations, the hot qubit A cools down
(A) and the cold qubit B heats up (B). In the presence of initial quantum correlations that commute with the thermalization
Hamiltonian, [χAB ,HeffAB ] = 0, the heat current is not reversed: the initial mutual information (C) and the geometric quantum
discord (D) are not accessible to be consumed by the thermal interaction. Symbols represent experimental data and lines are
numerical simulations.
extensive numerical simulations using a so-called gossip
(or epidemic) algorithm14 that consists basically of the
following general steps (described here as a pseudo-code):
1: Define a number s of steps
2: for each element in {1, . . . , s}
3: Choose randomly a pair (j, k) of qubits
4: Choose randomly a value for λ with a Gaussian
distribution N (0, pi/50)
5: Interact the qubits j and k using Uλ
6: end for
Such algorithm is used to spread information in a non-
structured quantum network in order to make that all
nodes store the same information15. The information we
are here interested to spreading is the average individ-
ual qubit state ρl with energy equal to the total energy
divided by the number of qubits, corresponding to the
thermalized steady state. After a sufficient large number
of simulation steps, we expect that all individual qubit
states will be close to the average state ρ.
The results for the number of steps s = 104 and sys-
tem sizes N = 2, 4, 8 are shown in Supplementary Fig-
ure. S3 for the uncorrelated (α = 0) and the correlated
(α =
√
0.0336) cases. For each value of N , we have used
the same seed for the pseudo-random number genera-
tor, so that each pair of correlated-uncorrelated simu-
lations compares two systems under the same discrete
evolution history. The grey lines represent the simulated
mean energy of the system spin as a function of the num-
ber of simulation steps. Since the simulations are rather
noisy (especially for small N), we have added a smoothed
orange line for better visualization of the results. The
dashed blue line corresponds to the total average energy.
We observe in both cases that the mean system spin en-
ergy asymptotically relaxes to the total average energy
as N increases, as expected. The red solid lines (in Sup-
plementary Figure. S3) indicate the respective average
initial energies of the (hot) system spin ρ0 and of the
(cold) bath spins ρn. In the uncorrelated case (α = 0),
the mean system spin energy is always bounded by the
two average initial energies. Here, heat always flows from
the hot to the cold spins on average. By contrast, for the
correlated case (α =
√
0.0336), the mean system spin
energy is seen to cross the red lines (the upper of lower
bound of the standard case), revealing a reversal of the
arrow of time along the evolution steps.
We may understand how the random interactions in-
duce relaxation by looking to one state of the case N = 2.
We focus on one interaction U (1,2)λ2 between spins 1 and 2
10
Figure S3. Numerical simulations for larger spin environments. Average energy of a system qubit interacting with an
ensemble of N = 2, 4, 8 bath qubits without initial correlations (ABC) and with initial correlations (DEF) (grey lines). In
both situations, the system qubit thermalizes to a steady state, corresponding to the average energy over all the spins, as N
increases (blue dashed line). In the absence of initial quantum correlations, the mean energy of the system qubit is bounded
by the initial mean energies of the hot system qubit and a cold bath qubit (red solid lines). This corresponds to the standard
arrow of time. However, in the presence of initial quantum correlations, the mean energy of the system qubit is seen to cross
the red lines. The arrow of time is here reversed as heat flows for a cold to a hot qubit. These reversals persist even for larger
environments at least for short time dynamics.
that takes place after one previous interaction U (0,1)λ1 be-
tween spins 0 and 1. Since |λ1|, |λ2|  1, we may apply
the Baker-Hausdorff formula to obtain,
U
(1,2)
λ2
U
(0,1)
λ1
= exp(λ1H(0,1) + λ2H(1,2)
+
λ1λ2
2
Z(1) ⊗H(0,2)), (S9)
where H(i,j) = (|01〉〈10| − |10〉〈01|)(i,j). Since ρ1 is not
a fully mixed state, the term proportional to Z(1) will
induce correlations between ρ0 and ρ2 due to interference
effects. However, as N increases, the probability that the
same pair randomly interacts twice in a row decreases
significantly. As a result, a large number of interactions
will create an apparent dephasing in the subspace of each
pair, at the same time as the total global correlations
between all the spins increase, see also Supplementary
Figure S4.
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